Objectives-Type 2 diabetes is accepted as a cause of heart failure (HF), but direct cause-effect evidence independent of incident myocardial infarction, hypertension and other coexisting risk factors is less well studied. We tested the hypothesis that diabetes predisposes to HF independently of hypertension and intercurrent myocardial infarction (MI).
INTRODUCTION
Among the manifestations of cardiovascular (CV) disease, heart failure (HF) has particular importance because of its increasing incidence, related to both reduced mortality from myocardial infarction and aging of the population. While incident HF is partly attributable to recognized ischemic heart disease, the remaining incidence of HF not directly associated with myocardial infarction is thought to be due to direct effect of major risk factors, such as arterial hypertension, obesity, and type 2 diabetes on myocardial structure and function (1) . These risk factors are also highly prevalent in elderly populations without recognized myocardial infarction .
The direct links of arterial hypertension and obesity with HF are well established. However, the influence of type 2 diabetes on incident HF in the absence of preceding myocardial infarction is not yet fully established in populations. While there is strong evidence that type 2 diabetes increases risk of coronary heart disease, especially when associated with other metabolic abnormalities (2) , there is little direct evidence that type 2 diabetes can directly cause HF without the mediation of overt coronary heart disease. The American Heart Association web page (http://www.americanheart.org/presenter.jhtml?identifier=324) on HF informs that "…people with diabetes tend to develop hypertension and atherosclerosis from elevated lipid levels in the blood -both of which have been linked to heart failure". The question of whether diabetes can directly be linked to HF independently of hypertension and other CV risk factors still needs direct demonstration.
Accordingly, we analyzed data from Strong Heart Study cohort members free of prevalent coronary heart disease, to assess whether type 2 diabetes predicts incident HF independently of prevalent and incident myocardial infarction, hypertension and other recognized risk factors.
METHODS

Population
The Strong Heart Study (SHS) is a population-based cohort study of CV risk factors and disease in 4,549 American Indians from 3 communities in Arizona, 7 in Southwestern Oklahoma and 3 in South and North Dakota, extensively described previously and representative of the source populations (3;4). Individuals aged 45 to 74were seen at the first examination (phase 1), conducted between July 1989 and January 1992. Participation rates of all age-eligible tribal members were 72% in the Arizona center,62% in the Oklahoma center, and 55% in the South/North Dakota center. Nonparticipants were similar to participants in age and self-reported frequency of type 2 diabetes but were more likely to be men, smokers and older. No echocardiograms were performed at the time of phase 1 of the study. Duration of diabetes was assessed by questions during collection of clinical history.
For the present analysis, individuals were excluded without classified type 2 diabetes status (n=1) or with prevalent CV diseases including HF [n=179], stroke [n=35], myocardial infarction [n=100] and/or coronary heart disease diagnosed by ECG, coronary angiography, combination of typical symptoms with positive treadmill or imaging stress tests, or need of revascularization procedures [n=151]). All prevalent and incident CV events were confirmed by the Strong Heart Study Mortality and Morbidity Committees, using specified criteria for causes of fatal and nonfatal CV events (5).
In particular, HF was diagnosed when two major, or one major and two minor criteria were present concurrently in the absence of a condition such as end-stage renal failure leading to massive fluid overload. Major criteria were: paroxysmal nocturnal dyspnea or orthopnea, neck vein distention, rales, cardiomegaly, acute pulmonary edema, S3 gallop, venous pressure >16 cm water and hepatojugular reflux. Minor criteria were: ankle edema, night cough, dyspnea on exertion, hepatomegaly, pleural effusion, vital capacity <2/3 of predicted or heart rate ≥120 beats/minute. Weight loss ≥4.5 kg in 5 days in response to treatment could serve as a major or minor criterion.
Because of potential links among type 2 diabetes, severe chronic kidney disease and HF, we also excluded all participants with either serum creatinine >2.5 mg/dL or glomerular filtration rate (GFR) <30 mL/min/1.73 m 2 . Thus the cohort for the present analysis comprised 2,740 members, including diabetic and non-diabetic adults without prevalent cardiovascular disease or severe chronic kidney disease.
Laboratory tests and definitions of type 2 diabetes
Fasting plasma glucose and lipid profile were measured by standard methods. Glomerular filtration rate (GFR) was estimated by the simplified MDRD formula. Type 2 diabetes (fasting glucose ≥7 mmol/L or antidiabetic treatment) and impaired fasting glucose (6-6.9 mmol/L) were diagnosed by 1997 American Diabetes Association recommendations. Old partition values for impaired fasting glucose were preferred to the recommended new ones (i.e. 5.5 mmol/L) to maximize the chance of identification of prognostic effects. Obesity was classified by 1998 NIH guidelines, as BMI ≥30 kg/m 2 . Central fat distribution was based on sex-specific waist circumference cutoff points proposed by NCEP-ATPIII. Hypertension was defined by current criteria (blood pressure ≥140/90 mmHg or use of antihypertensive treatment). Physical exercise (hours/week) was assessed, using a validated questionnaire (6) , recording the combination of reported leisure and occupational activity over the past year as an estimate of "usual" activity levels (7;8).
Statistical analysis
Data were analyzed using SPSS 12.0 (SPSS, Chicago, IL). Descriptive statistics were obtained using χ 2 distributions (with Monte Carlo method for computation of exact 2-tailed p value,) and 2-factor analysis of variance, to display variables of interest, based on glucose profile and incident HF. Serum creatinine, GFR, urinary albumin/creatinine ratio, glycated hemoglobin (Hb1Ac) and education level (assessed as years of school/university instruction) were log-transformed and presented as medians and interquartile ranges. Indicator variables were included for the Arizona, South/North Dakota and Oklahoma field centers.
Event rates in participants with normal or impaired fasting glucose or type 2 diabetes were displayed by Kaplan-Meier plots and log-rank statistics were computed. Log-cumulative hazard functions for incident HF were generated by Cox regression analyses comparing type 2 diabetes and impaired fasting glucose with normal fasting glucose. Cox regression was used to generate unadjusted hazard ratios (HRs) for effect of type 2 diabetes or fasting plasma glucose and, subsequently, to adjust for groups of covariates, including age and sex, established risk factors for HF (obesity, central fat distribution, hypertension, prevalent atrial fibrillation, GFR, urinary albumin/creatinine ratio and plasma cholesterol), Hb1Ac, environmental factors (smoking habit, alcohol use (9), educational level and physical activity) and antihypertensive medications [diuretics, β-blockers, ACE-inhibitors, CA ++ channel blockers, other classes] prescribed during the first 4 years of follow-up. The same Cox model also provided adjusted HRs for arterial hypertension. Due to possible causeeffect relationship with incident HF, incident myocardial infarction was censored as a competing risk event in the Cox models (10) . Thus, all HRs are also presented accounting for the competing risk event. Table 1 shows baseline characteristics of the studied population, according to glucose status and incident HF. Participants with incident HF were older, with higher baseline systolic blood pressure and urinary/albumin excretion ratio and more frequently were hypertensive. Baseline diabetes was associated with greater BMI, higher systolic blood pressure and urinary/albumin excretion ratio, a little higher education level and greater prevalence of hypertension and obesity. No significant effect was found for physical activity. No difference in the duration of diabetes was found between diabetic with or without incident HF.
Among diabetic participants, 38% were on oral anti-diabetic medications, 39% on insulin, and 3.4% on both, without difference between those with or without incident HF. Thiazolinediones that might facilitate symptoms of HF were not used in the SHS cohort until late 2000, and even in the following three years of the present follow-up, their use has been very limited. Antihypertensive therapy at the time of 1 st SHS exam was recorded in 53% of hypertensive participants who did not have incident HF and in 54% of those with incident HF. Table 1 also shows the distribution of anti-hypertensive medications, in relation to prevalent diabetes and incident HF. Antihypertensive treatment was prescribed more frequently to participants developing HF during follow up, except for β-blockers, and the frequency of prescription increased consistently with the degree of impaired glucose metabolism, except for β-blockers for which frequency of prescription decreased among diabetic participants..
During follow-up (11.9±3.0 years), 291 participants suffered HF and 221 had acute myocardial infarction, 74 of which were fatal (34%). During follow-up, 64 cases of incident HF were ascertained in participants with normal fasting glucose (NFG, 6%), 26 (7%) with IFG and 201 with diabetes (17%). HF occurred in 230 participants in the absence of acute myocardial infarction and in 61 following myocardial infarction.
Type 2 diabetes and incident HF
The absolute risk of incident HF was substantially higher (17%) in diabetic participants than in those with impaired fasting (7%) or normal-glucose (6%), without difference between the latter groups ( Figure 1) . Table 2 shows the unadjusted and adjusted HRs for type 2 diabetes. The unadjusted risk of HF was 4-fold higher in diabetic than non diabetic participants, dropping to 2.6-fold when incident myocardial infarction was considered as competing risk events. Subsequent and additional adjustments for age and sex, risk factors for HF, Hb1Ac, environmental factors and classes of antihypertensive medications, reduced the HR for diabetes, but did not eliminate its significant independent association with incident HF. Table 3 shows the unadjusted and adjusted HRs for hypertension. The unadjusted risk of HF was 2-fold higher in hypertensive than non hypertensive participants. Similar to diabetes, subsequent adjustment for covariates reduced the HR for hypertension, both without or with consideration of the competing incident myocardial infarction. The HRs for hypertension as a predictor of HF was not anymore significant when classes of antihypertensive medications were added to the Cox model of proportional hazard, while a borderline significance was found when myocardial infarction was considered as a competing risk event.
DISCUSSION
Diabetes is a powerful risk factor for myocardial infarction (3), a very frequent intermediate step in the progression toward heart failure. Although there is wide literature on the association of diabetes with HF, the fact that this association is working also independently of incident myocardial infarction and hypertension has never been demonstrated using statistical approaches that also consider the interference of incident myocardial infarction.
In addition to the well-known associations of HF with hypertension, myocardial infarction and obesity, the present analysis performed in an unselected population, free of overt coronary heart disease, demonstrates that type 2 diabetes is a potent predictor of HF independent of the impact of incident myocardial infarction, itself a common macrovascular complication of diabetes. After considering the competing outcome effect of incident myocardial infarction, diabetic participants had a 2.6 higher 12-year risk of HF than those with normal fasting glucose. The increased risk of HF with diabetes was also independent of effects of other coexisting risk factors, in particular hypertension and central obesity.
Because diabetes, hypertension, central obesity and coronary heart disease often coexist, these factors may act synergistically to produce LV dysfunction, sustain its progression and finally precipitate HF. The observation that diabetes might be a risk factor for HF was recognized as early as the 19 th century (11) . In 1972, Rubler et al. (12) reported a characteristic cardiomyopathy in diabetic patients with glomerulosclerosis, and early data from the Framingham Heart Study suggested that cardiac death in diabetic participants was not solely related to coronary artery disease (13) . Evidence for a cardiomyopathy in familial diabetes has also been reported (14) , in most instances in the absence of epicardial coronary lesions. Further evidence of potential effect of diabetes on myocardial mechanics, not mediated by coronary artery disease, included the observation of subtle abnormalities of early LV relaxation in juvenile (15) as well as adult diabetes (16) . Coughlin et al. (17) reported a 2-fold greater risk of dilated cardiomyopathy in the presence of history of diabetes, which could not be explained by race, income, cigarette usage, or hypertension. The EPICAL study (18) reported 20% and 33% prevalence of type 2 diabetes in HF patients without or with overt prevalent coronary heart disease, respectively. Aronow and Ahn (19) reported a 34% higher risk of HF associated with diabetes from an elderly cohort, with a large prevalence of coronary heart disease, seen in a health-care facility. In the Cardiovascular Health Study, diabetes was an independent risk factor for HF in participants either with or without coronary heart disease (20). Nichols et al. (21) reported increased incidence of HF in diabetic subjects from a retrospective survey of 17616 electronic medical records (8,460 from diabetic patients). In the United Kingdom Prospective Diabetic Study (UKPDS), the incidence of HF was related to the magnitude of hyperglycemia (22) , but no attempt was made to assess the effect of prevalent coronary heart disease. A large number of clinical and epidemiological investigations also reported association between HF and insulin resistance or metabolic syndrome (23) (24) (25) (26) .
Despite this large body of evidence, there are no studies that have considered the interfering incident myocardial infarction as the main explanation for the strong association between diabetes and HF. In fact, as said before, our study extends these findings, by giving different weight to the follow-up HF in relation to the previous occurrence of myocardial infarction, a potent predictor of HF, by using a relatively novel and conservative statistical approach based on competing risk event estimate (10) , under the assumption that the censored case of HF following myocardial infarction was precipitate by it. This method is desirable when participants of cohort studies may experience an event other than the one of interest which alters the probability of experiencing the event of interest.
The development of diabetic cardiomyopathy may reflect biological actions of insulin on the CV system (27) as well as consequences of insulin resistance (28;29) . However, the mechanisms of the increased HF rate in diabetic individuals without prior myocardial infarction cannot be established in the present study. One possibility is that unrecognized coronary artery disease plays a major role in precipitating HF. This possibility is supported by an increased rate of "silent" myocardial ischemia with diabetes (30;31). Although we excluded participants with ECG Q-waves indicative of previous myocardial infarction, by systematic Minnesota coding at the 1 st Strong Heart Study exam, and included participants with Q-wave-myocardial infarctions detected at the 2 nd or 3 rd exam as a competing risk event, silent ischemia could not be ruled out.
A second possible mechanism of increased HF with diabetes is the occurrence of LV geometric and functional abnormalities, including increased LV mass and concentric remodelling, characterizing a distinct diabetic cardiomyopathy (32) . Further studies have confirmed that diabetes is associated with some degree of concentric LV geometry and subclinical LV systolic dysfunction (33) . There is also increasing evidence that diastolic function is compromised in diabetic subjects (34) (35) (36) (37) , though the interpretation of these findings is debated (38) . The alteration of LV filling is at least in part related to abnormal myocardial energy metabolism (39) and to general CV impairment caused by reduced insulin production and loss of insulin sensitivity (27-29;40;41) .
A particularly interesting potential mechanism that might compromise myocardial blood supply in diabetic patients is coronary microvascular dysfunction (42;42) that is especially associated with left ventricular hypertrophy (30;43) .
Limitations
This study analyzed the longest follow-up from the initial SHS cohort (n=4,549), using data available at the baseline. Echocardiography was not included in the data collection, and this is a limitation of our study, because of the impossibility to merge cardiovascular phenotype with the risk profile emerging from our analysis of the initial cohort. Echocardiograms have been included at the time of the 2 nd exam and were performed in a different, less large cohort. The present analysis, however, presents two advantages: 1) it extends from the beginning of the study; and 2) includes all participants of the initial cohort, minimizing the potential survivor bias. Preliminary findings from on-going analyses of the cohort of the 2 nd SHS exam suggest that initial LV geometry, systolic and diastolic function are potent predictors of HF among the diabetic SHS participants free of cardiovascular or severe renal disease and independently of incident myocardial infarction (44) .
Extension of these findings to other ethnic groups needs to be done with caution, though findings in the SHS may be increasingly applicable to the general population, now that the prevalence rates of obesity and diabetes in other populations in industrialized countries are approaching the levels found in the SHS cohort. At the beginning of the study (1989), the prevalence of overweight in the SHS cohort exceeded national USA averages by 16 to 36 percent. However, during the past 20 years, the prevalence of obesity has increased dramatically among US African-Americans, Hispanics and Caucasians, approaching today the level of American-Indians at the start of the SHS survey (45) . Similarly, the prevalence of type 2 diabetes in the SHS cohort at its inception was several times higher than in the general USA and European populations, but impaired glucose tolerance rates were close to those in the general population. Following the obesity epidemic, the prevalence of type 2 diabetes in the other USA ethnic groups and in Europe is rapidly rising (46;47) , and the prediction is for about 20 million people with type 2 diabetes in 2025 and over 29 million on 2050 in USA and at least as many in Europe, a 165% increase over the 2000 level (48) . Thus, the differences in prevalence of obesity and type 2 diabetes between American Indians and the other ethnicities living in industrialized countries have been attenuated over time and, perhaps more importantly, their adverse consequences already seen in American Indians are now becoming evident in other ethnic groups.
The Strong Heart Study cohort is well-powered for analysis of complications of type 2 diabetes, but few members of this population-based sample have type 1 diabetes. Thus, research in other populations is needed to assess the impact of type 1 diabetes on HF risk.
Conclusion
Type 2 diabetes is a potent risk factor for HF, independent of incident myocardial infarction and coexisting CV risk factors. Cumulative rate of incident heart failure in SHS participants with normal (dashed line) or impaired fasting glucose (dotted line) or type 2 diabetes (continuous line). Table 3 Cox regression models of incident HF in relation with prevalent hypertension. 
